. (2014): Forward modelling of seismicity rate changes in georeservoirs with a hybrid geomechanical-statistical prototype model. 52, A key challenge for the development of Enhanced Geothermal Systems (EGS) is to forecast the probability of occurrence of seismic events that have the potential to damage manmade structures. Induced seismicity results from man-made time-dependent stress changes, e.g., due to fluid injection, shut-in and fluid or steam production. To accomplish a classical Probabilistic Seismic Hazard Assessment (PSHA) a catalogue of induced seismicity is required. In addition, PSHA does not return any practical recommendation for how to treat the reservoir geomechanically in order to lower the probability of occurrence of induced seismicity. Thus, we propose to link the simulated stress changes from forward geomechanical numerical reservoir models with the statistical rate-and-state approach of Dieterich (1994). Using this link we translate the modelled time-dependent stress changes into time-dependent changes of seismicity rates. This approach is general and independent of the incorporated geomechanical numerical model used. We exemplify our hybrid model approach using a geomechanical model that describes the stimulation of the well GPK4 at the EGS site in Soultz-sous-Forêts (France) including the shut-in phase. By changing the injection rate in the geomechanical model we generate various synthetic injection scenarios. With these scenarios we can study the effect on the seismicity rate and provide a recommendation for which injection experiment results in the least increase of seismicity rate. The results indicate an explicit coupling between the time-depending stress changes and the induced seismicity rate for each scenario. Even though the hybrid model cannot be used in general to derive absolute values of the rate of induced seismicity a priori (this is only possible if the geomechanical model can be calibrated against observed induced events), it serves as a tool to test the effect of stress changes on the induced seismicity rate. The approach described here is a prototype model illustrating the general workflow. In particular the geomechanical model can be replaced by any other type of reservoir description.
Forward modelling of seismicity rate changes in georeservoirs with a hybrid geomechanical-statistical prototype model
Introduction
Enhanced geothermal systems (EGS) have the potential to be major pillars in the future mix of renewable energy supply (Tester et al., 2006) . However, in the past decade a number of larger induced seismic events, which had the potential to damage the man-made structures, raised major concern amongst the public and the political decision makers (Evans et al., 2012; Majer et al., 2007 Majer et al., , 2012 . Induced seismicity is not restricted to EGS sites, but occurs also in hydrocarbon reservoirs due to gas and oil depletion, re-injection of fluids to maintain or enhance the reservoir pressure or potash and coal mining to name a few (Grünthal, 2013; Suckale, 2009 Suckale, , 2010 .
In Europe in particular the two induced events at the geothermal sites in Basel (Switzerland) and Landau i.d. Pfalz (West Germany in the Upper Rhine Graben) resulted in an ongoing discussion on safety aspects of geothermal sites in general. In Basel an 3.4 event was induced on December 8th 2006 shortly after the shut-in of a four day stimulation experiment (Deichmann and Ernst, 2009; Deichmann and Giardini, 2009; Häring et al., 2008) . In Landau an 2.6 induced event occurred on August 15th 2009 after an instant shut-in within the production phase of the geothermal plant (Grünthal, 2013) . As a result the project at Basel has been abandoned and the power plant in Landau is running in testing phase with reduced injection pressure.
Thus a key challenge for EGS sites is to forecast the probability of occurrence of induced seismicity that can potentially produce damage to structures at the surface and to develop strategies for reservoir treatment that lower the probability of occurrence of such induced seismicity. In general, for the case of tectonic earthquakes, a classical Probabilistic Seismic Hazard Assessment (PSHA) can be applied (Cornell, 1968; Grün-thal & Wahlström, 2006; McGuire, 2004) . A classical PSHA determines the frequency, i.e. the number of events per unit of time, with which a property of an earthquake that can cause damage will occur (McGuire, 2004) . However, to accomplish a classical PSHA a catalogue of seismic events is required (in this context, particularly, a catalogue of induced seismic events, or a synthetic earthquake catalogue from numerical experiments). Although the tectonic earthquakes can be used to calculate the natural background seismic hazard at a specific EGS site, the information gained from the tectonic earthquakes is inappropriate to be applied to calculate the seismic hazard associated with the induced seismicity in the EGS sites concerning different phases; i.e., stimulation phases and production phases. Furthermore, no practical guideline can be expected from classical PSHA addressing how to mitigate the probability of occurrence of induced seismicity.
So far, several approaches have been proposed and tested to handle the probability of occurrence of induced seismicity during stimulation and the shut-in phase. For the traffic light system introduced by Bommer et al. (2006) seismicity is recorded instrumentally in real-time. Macroseismic observations reported from the public are also taken into account. Once the recorded peak ground velocity is above a given threshold the stimulation has to be stopped. However, the system failed in Basel. The injection experiment was stopped when an event of 2.6 was recorded. Nevertheless, the 3.4 seismic event occurred shortly after the shut-in (Deichmann and Giardini, 2009; Häring et al., 2008 ). An alternative model that characterizes the seismic response of a reservoir is proposed by Shapiro et al. (2010) and Dinske and Shapiro (2013) . They use the recorded induced seismicity from the injection phase to estimate the potential of the site to produce a certain magnitude-frequency distribution. However, as the pressure source is assumed to be constant or increasing in pressure, the application is limited and cannot be applied to the shut-in phase or in cyclic stimulation experiments. Barth et al. (2013) propose a statistical model to assess the change in probability of the occurrence of a damaging event after the shut-in. These and other models have in common that they are all based on the catalogue of induced seismicity. Furthermore, they do not provide a practical answer for how to treat the reservoir hydraulically or means to plan the treatment a priori; i.e., before any man-made changes of the in situ stress state are induced.
A step towards a link between geomechanical numerical reservoir models and tectonic earthquakes is shown by Passarelli et al. (2013) . They present an approach for how to estimate the probability of whether a tectonic earthquake was triggered by a stress change of a dike intrusion or not. They link a time-independent instantaneous stress change simulated with a displacement in an elastic half-space model, with the rate-and-state (RaS) law of Dieterich (1994) and derive which scenario is the most probable to trigger the observed seismicity. They claim that their approach can be used in principal also for man-made induced seismicity in georeservoirs, but their formal approach is limited to time-independent single stress changes. Thus, this is not appropriate for a georeservoir where stress changes are in general strongly time-dependent during fluid injection experiments and after shut-in.
Thus, two fundamental requests are yet not fulfilled for a practical usage of models before the reservoir is treated by means of stimulation, production or circulation tests: (1) The model should be capable of forecasting the probability of occurrence of damaging induced events and must not rely on a catalogue of induced seismicity. (2) The statistical model should be capable of handling time-dependent stress changes and translate these into seismicity rate changes. The latter is needed as state-of-the-art geomechanical numerical reservoir models include a number of time-dependent processes such as pore pressure diffusion (linear and non-linear) coupled to the elastic response (Kohl and Mégel, 2007; McClure and Horne, 2011) , the so-called pore pressure stress coupling process (Altmann et al., 2010; Ghassemi and Zhou, 2011; Hillis, 2000) , thermal diffusion and combination of these processes on different time-scales for long-term production, stimulation and shut-in and re-injection of waste water (Baisch et al., 2010; Bruel, 2007; Rutqvist et al., 2007; Schoenball et al., 2010) . Regardless of the complexity of the geomechanical-numerical reservoir model, the output is always at least a change of effective stress, both as a function of time and space. Deriving a synthetic catalogue of induced seismicity from these models is only possible by making further assumptions on the criticality of the reservoir, the failure criterion and the characteristics of the fracture network that determine the length of failure; i.e., the magnitude of the events (Bruel, 2007) . In particular the a priori assumption on the distribution of the fracture network (length and density) and its initial stress field (e.g., criticality of the stress state) controls the frequency-magnitude -value and the seismicity rate. The rupture process of a seismic event itself is typically not part of the forward modelling applied to the reservoir scale. So far, the actual rupture process has only been simulated for rock specimens (Yoon et al., 2012) , borehole breakouts (Shen et al., 2013) , and 2D reservoir models (Yoon et al., 2013) . To model the rupture process in 3D is still a challenge.
In this paper we propose a method to translate timedependent stress changes into time-dependent changes of seismicity rate. The latter is a direct expression of the probability of occurrence of a seismic event in a given time span of a given magnitude class. A lower seismicity rate lowers the probability of occurrence of a given magnitude in a given time span (Fig. 1 ). This holds, of course, when the slope of the frequency-magnitude curve does not change. We propose here a prototype hybrid model that is capable to link the timedependent stress changes from any forward geomechanicalnumerical reservoir model with the statistical RaS model from Dieterich (1994) . With this combination it is possible to forecast the seismicity rate and its changes with different reservoir treatments during stimulation and production phases.
To test our prototype hybrid model we use the geomechanical numerical model of Kohl and Mégel (2007) that simulates the time-dependent stress changes during the stimulation experiment and after shut-in at the EGS site GPK4 in Soultz-sous-Forêts. We then vary the injection rate of the model to study which treatment results in a lower probability of occurrence of induced seismicity.
In the following section, we describe the geomechanical numerical reservoir model and the processes that are captured by it. Then, we introduce the statistical RaS model and show how we link this to the output of the geomechanical reservoir model. Subsequently, we briefly introduce the EGS site at Soultz-sous-Forêts, France, and the GPK4 stimulation experiment. Finally, in Section 5, the advantage of the hybrid model is presented. Here we perform a variety of different Figure 1 . Seismicity rate versus magnitude. Assuming that the seismicity rate is 10 times smaller (grey line) in case A with respect to case B where 1000 events that occur within a given time span , the occurrence rate of a magnitude 2.0 event is lowered from a factor of 1.58 in the time span to 0.16. injection scenarios to study their impact on the rate of induced seismic events.
Geomechanical numerical model
The workflow we introduce in this paper is principally applicable to any kind of geomechanical model delivering timedependent changes of stress and which is suitable to describe the relevant processes in a georeservoir. We exemplify our workflow using the finite element code FRACTure (Kohl et al., 1995) , coupled to a 3D stochastic fracture network driven by the code HEX-S to incorporate the fracture mechanical behaviour (Kohl and Mégel, 2007) . It has been used to successfully forecast the hydraulic response of the reservoir to stimulation of the well GPK4 at Soultz-sous-Forêts. A good match of the non-linear hydraulic response was achieved, and the spatiotemporal characteristics of the seismic response could be forecasted. However, the model is not capable of estimating seismic hazard for a given stimulation treatment; i.e., it cannot forecast event magnitudes. Detailed descriptions of the code and the model of the Soultz reservoir, which are used in this study, are given in Kohl and Mégel (2007) . Its main features are summarized below.
The model consists of a finite element mesh ( Fig. 2 ) that derives its hydraulic properties from a mapped fracture network. The fracture network is a combination of deterministic fractures and stochastic fractures. Deterministic fractures are obtained from features visible on imaging and flow logs of the wells. Away from the boreholes, the fracture network is complemented by stochastic fractures which are randomly placed in the model volume and given orientation and hydraulic properties representative of the fracture families obtained from borehole logs. Fracture lengths obey a power law distribution with a scaling exponent of one. All fractures, deterministic and stochastic, are then subdivided into individual slip patches, which are considered as separate in subsequent computations. We refer to Kohl and Mégel (2007) for a detailed description of the fracture network generation.
The aperture of each slip patch is updated during each time step according to constitutive relations for the fracturemechanical behaviour following Willis- Richards et al. (1996) . The aperture responds elastically to changes of pore pressure below a threshold given by the Mohr-Coulomb criterion and is determined by the assumed stress field and the friction angle (Table 1 ). In the effective stress formulation we use, the minimum critical pore pressure (MPa) that leads to rupture of optimally oriented fractures with 5.5 + 0.0021 · ( − 4750 m) with as depth in metres. If this threshold is surpassed the Mohr-Coulomb criterion is met and the fracture is subjected to shear, increasing aperture by a dilation angle. This aperture increase is irreversible and considered the enhancement of fracture permeability by the stimulation. The fracture network is then mapped onto the finite element mesh; fracture apertures are transformed to tensorial permeability for each finite element. The next time step of hydraulic calculation is then carried out and the pore fluid pressure field is updated. In order to keep the demonstration of our workflow for hybrid modelling simple, we neglect any second-order couplings such as poroelasticity, thermoelasticity, chemical processes or stress transfer (Table 2) .
Time-dependent rate-and-state model and link to the geomechanical numerical model
To translate stress changes; i.e., pore pressure changes, from the numerical geomechanical model into temporal changes of seismicity rate the RaS model by Dieterich (1994) is used. The RaS is a general approach to estimate the changes in the seismicity rate caused by some stressing history on faults with rate-and state-dependent friction. In a general RaS model, seismic events nucleation is assumed to occur over a restricted area called the nucleation source. The objective of the RaS approach is to find the time at which each nucleation source initiates a seismic event when subjected to a stressing history (Dieterich, 1994) .
The RaS model has already been successfully applied to different sequences of seismicity; e.g., aftershock sequences after a large main shock and swarms (Catalli et al., 2008; Daniel et al., 2011; Dieterich et al., 2000; Toda and Stein, 2003; . So far, the RaS model by Dieterich (1994) has not been applied to calculate the effect of the stress changes, caused by reservoir activities, on the seismicity rate.
In terms of the RaS model, the seismicity rate at time step at integration point ( is a location of a potential fracture) in the reservoir is given by (1) where is the background seismicity rate at integration point , is the background stressing rate, and is the state variable at time step in integration point obtained by
where is the total time at time step and is the change of the stressing rate during time step .
is the state variable corresponding to the previous time step with 1 ⁄ for the initial condition of steady state. is the key free parameter comprised of the a priori unknown constitutive fault parameter and the normal stress on the fault.
is an experimentally determined coefficient, which includes the effects of all unknown characteristics of the given fault (Dieterich, 1994) . Parameter is considered as constant and the same for all integration points throughout this paper. It should be mentioned that Eqs. (1)- (3) are appropriate to calculate the seismicity rate in case of gradual changes of stress; e.g., as the effect of fluid injection in a reservoir . This is different from the original RaS type model concerning a sudden change in stress caused by a large earthquake (Catalli et al., 2008; Dieterich et al., 2000; Toda and Stein, 2003) or an instantaneous dyke intrusion as assumed by Passarelli et al. (2013) . In both cases, a seismicity dataset is required since the stress changes are calculated based on the focal mechanism of an earthquake. This means earthquakes are considered as the sources of a single and instantaneous stress change. and Daniel et al. (2011) use a piecewise constant shear stressing rate as the source of changes of stress. Using these stress changes, the RaS model is applied to estimate the upcoming seismicity rate. In contrast, in our forward RaS model, the seismicity rate is estimated using the stress changes obtained directly from the geomechanical model. To apply the RaS model to the stress changes in each integration point of the reservoir, the pore pressure changes obtained from the geomechanical model in each integration point in the reservoir are transformed to Coulomb stress change by
where ∆ is the change in Coulomb failure stress in each integration point for time . ∆ and ∆ are the shear and normal stress changes in integration point respectively, and are considered as arbitrary constants during the process. ∆ is the change in calculated pore pressure at time in integration point , and is the friction coefficient considered as constant and has the same value for all integration points in the reservoir.
in Eq. (2) will be then replaced by
Since ∆ and ∆ remain constant during the stimulation process, they are neglected in the calculation of and consequently in the estimation of the seismicity rate. This means that is calculated only relative to the changes in pore pressure; i.e., ∆ . The seismicity rate of the whole reservoir for each time step will be then calculated by ∑ ∈ , where is the set of all integration points in the reservoir. The cumulative seismicity rate from time (when the injection starts, here 0) until a given time can then be calculated by 
Application to the model of GPK4 stimulation at Soultz-sous-Forêts
Our hybrid approach is applied to the model of the stimulation of the well GPK4 at the EGS pilot site in Soultz-sousForêts, France. The first stimulation of the well GPK4 was done during a period of about four days in September 2004. The injection was performed at a constant flow rate of 30 L s −1 , except during three short hydraulic shocks with a flow of about 45 L s −1 and one fluid impulse of 60 L s −1 (Dorbath et al., 2009) . Shut-in was performed with a step at 15 L s −1 maintained for about three hours to test soft shut-in. The pressure measured at the GPK4 wellhead (Fig. 3a) reached a constant value of around 170 bar quite fast (Dorbath et al., 2009) . During the short episodes of increased pumping at 45 L s −1 only slight increases of pressure of around 10 bar were measured, which shows the highly non-linear response of the fractured reservoir to increments of flow rate (Kohl et al., 1997) .
In the geomechanical model the flow rate was used as Neumann boundary condition, the corresponding spatiotemporal change of pore fluid pressure is the principle output used as an input for the RaS model (Fig. 2) . The hydraulic response of the model to the stimulation operations at the borehole GPK4 of the Soultz-sous-Forêts reservoir in 2004 is shown in Fig. 3b . The pressure response of the model fits the general behaviour of the measured pressure. There is a discrepancy on the absolute level of overpressure measured at the wellhead (210 bar simulated vs. 170 bar measured), but bearing in mind that this was a forecast of the hydraulic response this discrepancy is of little importance. After less than about half a day an equilibrium pressure in GPK4 is reached; similarly, pressure reaches an equilibrium value away from the injection well quite fast, but on a lower pressure level. The non-linear pressure increases after increments of injection rate are matched very well.
The two RaS input parameters; i.e., the background shear stressing rate, , and the background seismicity rate, , are selected using the seismicity parameters of the southern part of the Rhine Graben obtained by Burkhard and Grünthal (2009) . The adopted is derived based on the magnitude completeness of the induced seismicity catalogues from the GPK4 stimulation. For natural events with magnitudes 0.69, the background seismicity rate is calculated as 10 events per day for each integration point in the reservoir. The background shear stress rate is arbitrarily considered as 10 bar per day, which is relatively low (compared to the stress changes caused by the reservoir activity), according to the fact that the calculated seismicity rate, , is low too. From the numerical model, pore pressure changes are obtained for 1000 randomly located integration points and the RaS model is applied to each point to calculate the timedependent seismicity rate. The integration points represent the locations of potential fractures in the reservoir. Finally, the induced seismicity rate in the whole reservoir is determined by integrating the seismicity rate over the 1000 integration points as described in Section 3. In Fig. 3c -e the seismicity rates and cumulative number of events are shown for three values of the parameter of the RaS model. The shape of the modelled seismicity rate changes strongly, when the parameter changes from 1 to 10 bar (Fig. 3) . As already mentioned above, the parameter is the only free parameter in the RaS type models. It controls both the shape and the magnitude of the seismicity rate (Dieterich, 1994) . For the application to tectonic processes, such as aftershock sequences, the parameter is ranging between 0.05 and 1.0 bar (Chan et al., 2010; Harris and Simpson, 1998; . The difference between values in case of aftershock sequences, and the values of 1-10 bar used here is substantial. A suitable value of can be also selected by comparing the results of the modelled seismicity rate with the cumulative number of induced seismic events, if it is applicable. In our case only higher values of shift the seismicity rates obtained from the RaS model into a reasonable level of induced seismicity rates (see Appendix). Furthermore, the physical processes involved during injection experiments are very different compared to tectonic earthquake interaction processes at greater depth on a pre-existing major fault. These are related to a single instantaneous major stress change followed by a stress relaxation process due to afterslip, visco-elastic relaxation of stresses and poro-elastic rebound (Hergert and Heidbach, 2006; Masterlark and Hughes, 2008) . In contrast, the stress changes during stimulation experiments are not like sudden changes anymore, but they continuously change within time and thus they result in continuous changes in seismicity rate (Häring et al., 2008) . Moreover, during hydraulic stimulation mainly fractures are generated and thus it is to be expected that , which is represent- Figure 3 . (a) Wellhead pressure (black curve) and injection rate (grey curve) for GPK4 well during the injection and after shut-in, (b) modelled downhole pressure (black curve) and injection rate (grey curve) for GPK4 well during the injection and after shut-in, (c) modelled seismicity rate (black curve) and cumulative seismicity rate (grey curve) using = 1 bar, (d) = 5 bar, (e) = 10 bar.
ing the physical fault behaviour, is different.
Synthetic injection scenarios
In order to test the effect of various injection strategies on the seismicity rate, our method is applied to three different synthetic injection scenarios. These scenarios are chosen such that they capture different injection strategies, which can be applied in field practice.
The first scenario is a constant injection for a duration of two days followed by the shut-in phase, which is captured by the geomechanical numerical model for another three days. We apply three different constant injection rates; i.e., 10, 25, and 50 L s −1 (Fig. 4a) . The purpose of this scenario is to analyse how the seismicity rate changes when applying different flow rates and pore pressures.
From Fig. 4 (and also from the later coming scenarios) it is evident that seismicity rate is exponentially proportional to the downhole pressure. This issue should be considered in real injection strategies. The soft stimulation realized by lower injection rates during longer stimulation time can cause the same value of cumulative seismicity as more intensive injection at higher flow rates, but needs a longer period of time to reach this value. If for example the 25 L s −1 injection rate did not stop after two days but continued for a further about 20 days, then the corresponding cumulative seismicity could reach that of the 50 L s −1 injection after two days. However, the slope of the cumulative seismicity rate curve is more gradual in the case of the soft injection. For real stimulation cases this means that operators will have more reaction time to control the seismicity; e.g., by reducing the injection rate.
In the next scenario we test a cyclic injection, where phases of constant injection rate are followed by shut-in. This cycle is repeated two more times and the injection rate is increased for each subsequent cycle, starting with 10 L s −1 then 20 L s −1 and finally 30 L s −1 for the last cycle (Fig. 5a ). We apply this scenario to analyse the effect of the re-injection on the induced seismicity rate.
From the cyclic injection scenario (Fig. 5) , we see that, based on our approach, the effect of the fluid re-injection on the seismicity rate does not seem to be different from the effect of the injection itself.
In the last scenario we increase injection rate stepwise, starting at 10 L s −1 for one day, then increases to 20 L s −1 for another day and then increases again to 30 L s −1 . Shut-in is performed with stepwise decreasing injection rate to 20 L s −1 and 10 L s −1 , respectively. Then, after a total time of five days the well is shut-in (Fig. 6a) . The aim of applying this scenario is to study, how the seismicity rate changes with gradual changes of injection rate. The estimated seismicity rate for the stepwise injection scenario (Fig. 6) shows a gradual decrease, when the injection rate decreases step by step.
Discussion
So far, we introduced a prototype forward hybrid approach to estimate the induced seismicity rate caused by reservoir activities. This approach is based on two independent models, i.e., a geomechanical model to simulate the porepressure changes in the reservoir, and the RaS model to translate the pore-pressure changes in reservoir into the seismicity rate.
Mechanical modelling of a georeservoir is always a challenging task, which is related to the typically large uncertainties we have to deal with. The geomechanical numerical model used here relies on geological information obtained from well logs and the assumption of a homogeneous distribution of derived rock properties and stress field conditions in the reservoir. The initial hydraulic properties are of minor importance, as the geomechanical model converges to an equilibrium state given by the hydraulic loading conditions and the elastic and plastic enhancements of hydraulic conductivity. The adopted -value must be chosen a priori based on earlier hydraulic experiments or historic seismicity. In the current framework, it is constant in time and space, although there are indications that this is not entirely valid for a hydraulic stimu- lation scenario (Bachmann et al., 2012) . However, once an accepted model is found or put forward variations of thevalue are straightforward to implement. The RaS model is a strong tool to translate the pore fluid stress into seismicity rate.
is the only free parameter of the RaS model. As already mentioned in Section 4, can be either extracted from other reservoir studies, or adjusted using the cumulative number of induced events, if available. In general, changing parameter results in a change in the seismicity rate. However, the qualitative behaviour of the seismicity rate does not explicitly change. This can be seen in Figs. 4-6 where logarithmic seismicity rates for the three scenarios with = 1 bar, = 5 bar and = 10 bar, respectively, are shown. For relative smaller = 1 bar corresponding to each subfigure (b) of Figs. 4-6, the seismicity rate is more sensitive to the changes of pore pressure than for larger . In contrast, for relative larger values of = 10 bar corresponding to subfigures (d), the effect of the changes of pore pressure on the seismicity rate strongly decreases.
In order to calculate the potential probability of occurrence of induced events of a given magnitude class, the frequency-magnitude -value is also required additional to the seismicity rate. The -value can be either taken from other reservoir studies, or calculated by simulation of induced seismicity including magnitudes. The latter needs more assumptions, e.g. the size and geometry of predefined fractures as well as the magnitude of in situ stress. It should be also mentioned that the -value in the case of induced seismicity is strongly time-dependent (Bachmann et al., 2012) and different fromvalues of the tectonic earthquakes (Grünthal, 2013) . However, the focus of the RaS model applied in this study is the estimation of the seismicity rate but not the estimation of thevalue. In other words, the RaS model applied in this study does not simulate any event magnitude.
Conclusions
We introduced a new approach to translate the results of a geomechanical-numerical forward model in terms of stress changes into seismicity rate. This approach, in general, requires no induced seismicity data and can be used as a tool to pre-estimate the effect of man-made induced stress changes in the subsurface; e.g., due to fluid injection during stimulation experiments, shut-in of fluid injection or production of fluids, on the seismicity rate. The two input parameters; i.e., the background seismicity rate and the background stressing rate, can be estimated using available seismic hazard and stress information at the EGS area. The single free parameter of the RaS model, the , can be, either experimentally obtained, or estimated when seismicity data is available. For our prototype model we apply a geomechanical numerical model and feed its output of change of effective stress into a time-dependent RaS model to estimate the seismicity rate induced by any stress changes in a georeservoir. In principle the hybrid modelling approach is able to predict seismicity arousing from stress changes caused by all kinds of sources, such as effects of poroelasticity (Schoenball et al., 2010) , temperature or chemical processes and couplings of these (Bächler and Kohl, 2005) , as long as the underlying geomechanical numerical model is able to describe such mechanisms and translates it into changes of stress. The approach is applied to the Soultz-sous-Forêts geothermal site for the injection experiment in borehole GPK4 in 2004, using three different values of the parameter (1, 5 and 10 bar) for the RaS model.
The strength of our approach is the capability to a priori test different injection scenarios, which we exemplify by constant injection, cyclic injection, and stepwise injection scenarios. The scenarios exhibit an explicit coupling between downhole pressure and seismicity rate. Seismicity can consequently be controlled by increase and decrease in the injection rate. Furthermore, the results of the synthetic injections show that a soft injection scenario can reproduce the same amount of events as a rapid injection scenario, but in a longer time span. This means in practice that there is longer reaction time, as seismicity progresses slower. In contrast, a sudden large increase in the injection rate can cause a large impulsive increase in the seismicity rate. This results in a large increase of the probability of occurrence of a larger magnitude event. We emphasize here that the hybrid approach can be used for any type of geomechanical reservoir model. GEIE, Soultz and EOST, Strasbourg for providing data from the Soultz project and GEOWATT AG, Zürich for providing the Soultz model. We also thank Dietrich Stromeyer for discussion and improvement of the integration procedure. We acknowledge the valuable suggestions and comments in the frame of reviews from Nicholas Davatzes and another anonymous reviewer.
Appendix A.
In order to adjust the free parameter of the RaS model, the results of the modelled seismicity rate are compared with the cumulative number of observed induced seismic events of the GPK4 injection experiment. In order to do this, we first estimate the magnitude completeness of the catalogue obtained from the surface monitoring network (Dorbath et al., 2009 ) that contains 468 events. Using the method of Wiemer and Wyss (2000) to estimate the magnitude completeness we find that the catalogue is complete for the 96 events with 0.69. The cumulative number of events is shown in Fig.  A.1a . The best fit to this curve of observed seismicity with the output of our hybrid model that translate stress changes from the geomechanical numerical model into seismicity rates is reached with = 5 bar ( Fig. A.1b) . This understrikes the discussion in Section 4 of this paper that the value for stimulation experiments is not to be expected in the range of values from aftershock series of tectonic earthquakes.
